A spectrofluorometric method has been developed for the determination of gemfibrozil.
Introduction
Gemfibrozil (Gem), 5-(2,5-dimethylphenoxy)-2,2-dimethylpentanoic acid, is a benzene derivative of valeric acid (chemical structure provided in the supplementary data) belonging to a drug group known as fibrates. It has been the clinical choice for the hyperlipidemia (type III) and hypertriglyceridemia (type IV) [1] and it has been found to decrease serum triglycerides and very low density lipoprotein-cholesterol and to increase high density lipoprotein-cholesterol [2] by activating the peroxisome proliferator activated receptors (PPARs), acting mainly on the PPARα isoform [3, 4] .
Due to its physicochemical properties Gem is a small molecule with poor water solubility, around 0.01 mg mL − 1 [5] and low dissolution rate in the gastrointestinal tract, which limits its effective absorption and bioavailability after oral administration. Thus, it can be assumed that the low oral bioavailability of Gem is due to its solubility and dissolution limitations [5] . Currently, Gem pharmaceutical forms found in the market are tablets and capsules.
In our previous study [6] , a self-nanoemulsifying drug delivery system (SNEDDS) was used to conquer the challenge of improving the rate and extent of absorption of Gem, in which the active was loaded in the oily phase. These Gem SNEDDS exhibited a lot of difficulties to be analysed through the most reported technique, high performance liquid chromatography (HPLC) with ultraviolet detection at 276 nm [7, 8] due to the excipients included in the formulation. SNEDDS are isotropic mixtures of drug, lipids and surfactants, usually with one or more hydrophilic co-solvents or co-emulsifiers that form fine oil in water nanoemulsions upon mild agitation in an aqueous medium with a droplet sizes ranging 20-200 nm [9] . Different bulk proportions of the mixture components and their physical properties (such as particle size) and the use of different ingredients (such as different excipients) produce changes in the signals from the active ingredients [10] .
Spectrofluorometry has long been applied in the field of pharmaceutical analysis of many drugs, being necessary condition for a compound to fluoresce that it absorbs light in the UV or visible region of the spectrum. Most of the additives or excipients found in pharmaceutical preparations are not fluorescent in nature, but compounds that have a conjugated π-electron system may give efficient reemission of the absorbed energy. In this context, the fluorescence characteristics of Gem let the use of spectrofluorometry as detection technique. This is a technique based on the measurement of the relative fluorescent intensity and the wavelength distribution of fluorescent light emitted from an excited molecule through the absorption of radiant energy [11] providing an attractive methodology because of sensitivity, speed, and simplicity, having a low cost and allows the determination of Gem with enough reliability.
The United States Pharmacopoeia (USP) [12] , and the International Conference on Harmonization (ICH) [13] provide a clear description of analytical procedures which govern the validation parameters, that need to be evaluated. These parameters are: accuracy, precision (repeatability, intermediate precision), specificity, detection limit, quantification limit, linearity and range. Therefore, the objective of this work was to develop an accurate, specific and reproducible spectrofluorometric method for the determination of Gem in SNEDDS pharmaceutical dosage forms under study with good sensitivity, relatively simple sample preparation and short run times.
Materials and methods

Reagents
Gemfibrozil of analytical reagent grade was purchased from Sigma-Aldrich (Madrid, Spain), methanol and glacial acetic acid (both of HPLC grade) were purchased from Panreac Química S.A.U. (Barcelona, Spain). 
Sample preparation
The Gem loaded SNEDDS formulations were prepared as follows, accurately weighed Gem was mixed with lemon essential oil in a clear screw thread glass vial. Then, the vial was placed into a water bath using open bath circulators MP-5 (Julabo Labortechnik GmbH; Seelbach, Germany) at 40 °C for 20 min with gentle stirring to melt the oily mixture and facilitate the solubilization of Gem. Cremophor® EL and Capmul® MCM-C8 were accurately weighed and added to the oily mixture using a positive displacement pipette. All weighs were measured using PJ 360 Delta Range analytical balance (Mettler-Toledo; Barcelona, Spain).
Formulations were stirred gently using a magnetic stir bar and a magnetic stir plate MELB1719 (Merck Eurolab; Lutterworth, UK) until reaching homogeneous solution. The resulting Gem SNEDDS formulations under study contained Lemon essential oil as oily phase, Cremophor® EL as surfactant and Capmul® MCM-C8 as co-surfactant. Loading amount of Gem was 300 mg (F1). Equally, no Gem loaded SNEDDS were elaborated (placebo). The composition of developed formulations is shown in Table 1 . The method was based on previous studies of this research group [6] . Preparation of reference standard solutions for the calibration curve 
Analysis of Gem in SNEDDS
A quantity of SNEDDS equivalent to a 100 mg of Gem was accurately weighed by precision balance PJ360
DeltaRange (Mettler Toledo, Barcelona, Spain) and placed in a 100 mL volumetric flask and filled with the mobile phase. The solution was mixed until its complete dissolution. This solution was further diluted to obtain Gem concentration of 2 μg mL −1 and thermostated at 25 ± 0.1 °C in a temperature controlled bath. Then the fluorescent intensity was measured.
The possible interferences from the excipients in the SNEEDS formulations were evaluated. As a control, equal quantity of SNEEDS formulation containing no Gem (placebo) was prepared similarly and fluorescent intensity measured at 304 nm after excitation at 276 nm.
Method validation
Validation of the developed spectrofluorometric method was carried out as per the International Conference on Harmonization guidelines Q2 (R1) [13] and included an evaluation of the following characteristics: linearity, sensitivity, accuracy, precision, robustness and analyte stability.
Linearity and calibration curves
The linearity of the present method was evaluated by constructing the calibration curve at six concentration levels of 5, 4, 2, 1, 0.5 and 0.2 μg mL −1 . The calibration curve was validate interday (n = 6) by different analysts and developed by plotting the instrument measurements versus the corresponding drug concentration. The least squares fit method was employed to statistically evaluate the results for linearity by a regression line and the corresponding slope, y-intercept and coefficient of linear correlation (r 2 ). Furthermore, linearity was determined by one-way analysis of variance (ANOVA) test to compare the fluorescence signal versus nominal concentrations of each standard, and differences were considered statistically significant when p < 0.05 [14] . The least square linear regression analysis and mathematical determinations were performed by the Prism®, V. 3.00 software (GraphPad Software Inc., San Diego, CA, USA).
Equally relative standard deviation (RSD) of the slope might be used as a mathematical measure of linearity, calculated from the quotient of the standard deviation of the slope (SDSb) and the slope [15] :
(1) Sensitivity Sensitivity of the method was determined with respect to limit of detection (LOD) and limit of quantification (LOQ). LOD provides information on minimum level at which the Gem was reliably detected by the analysis of samples with known concentrations of Gem and LOQ, in the same way, establishes the minimum level at which Gem was quantified with acceptable accuracy and precision. Both parameters, LOD and LOQ were determined based on the standard deviation of the response and the slope of the calibration curve using the formula:
where k is the a factor related to the level of confidence, its value is 3.3 for LOD and 10 for LOQ. SDSa is the standard deviation of the intercept and Sb is the slope [16] .
Accuracy
Accuracy of the method was performed by the addition technique. In this technique, three different known analytical amounts of Gem corresponding to 80%, 100% and 120% of the nominal Gem concentration corresponding to 240, 300 and 360 mg respectively, were added to the SNEEDS formulation (F1). Then accuracy of the method was evaluated carrying the recovery study at those three levels in six replicates.
Precision: repeatability and intermediate precision
The precision of the assay was determined by the intraday repeatability. For this, SNEDDS formulations containing Gem at three levels, low, medium and high concentration (F80, F100 and F120; Table 1 
Stability
The stability tests were performed by freeze thawing cycle. Three set formulations, F80, F100 and F120 were subjected to 2 freeze-thaw cycles, which included freezing at −4 °C for 24 h followed by thawing at 40 °C for 24. Gem was subsequently analysed. Equally stock solutions were checked for stability by freezer storage conditions at −50 °C for 24 h.
The samples were considered to be stable at a given condition if the mean values obtained from the treated formulations were within ±10% of the mean values of the untreated or reference samples that were run within the same analytical run.
Application of the method
Based on the Box-Behnken design, fifteen Gem-loaded SNEDDS with different concentrations of surfactant, co-surfactant, and oil, but containing Gem at a final loading of 300 mg, were filled into size 00 HPMC hard gelatine capsules required for release studies. Then the capsules were coated with Eudragit® L by successive layer coating process.
In vitro dissolution tests were performed using a USP XXIV paddle apparatus SR8 PLUS (Hanson Research, Canada) at 37 ± 0.5 °C and rotating speed of 50 rpm in 900 mL of phosphate buffer solution (pH 7.5; 0.05 M).
The coated capsules with SNEDDS containing 300 mg of Gem were held to the bottom of the vessel using copper sinkers. Five mL aliquots were removed at predetermined time intervals; 1, 3, 5, 10, 15, 30 and 45 min from the dissolution medium and replaced with fresh buffer and were tested for Gem using the spectrofluorometric method.
Data obtained from the in vitro release studies were measured, as detailed in the following section, and values reported as the mean ± SD of the six replicates. Four different kinetic models (zero order, first order, Higuchi and Weibull function) were used to fit the experimental data obtained in the drug release experiment [17] .
where %Rt is the percentage drug released at time t, %R∞ is the total percentage drug released, %Rt/%R∞is the fraction of drug released at time t, K is the release rate constant, td is the time in which the 63.2% of the drug is released and ß is the shape parameter.
A nonlinear least-squares regression was performed using the WinNonLin® Professional edition version 3.3 software (Pharsight Corporation, USA), and the model parameters calculated. Also the Akaike's Information Criterion (AIC) was determined for each model as it is an indicator of the model's suitability for a given dataset [18] . The smaller the value of AIC, the better the model adjusts the data.
Besides, some additional amodelistic parameters as dissolution efficiency (DE) and mean dissolution time (MDT) were also calculated from the in vitro release data. These parameters are very useful to compare different profiles types because the evaluation of dissolution characteristics of the different formulations is not conditioned by the goodness of the fitting to a theoretical model of our data. The DE (%) was calculated by mean of the following equation: (7) where the numerator represents the area under the dissolution curve up to a certain time, t, and the denominator is the rectangular area between the total amount of drug released and the last experimental time point, t. For area under dissolution curve (AUC) calculation, a continuous plot of the evolution of released quantities across the whole of the experimental time was calculated. Afterward, respective AUC values were calculated by means of a trapezoidal rule for the whole time values interval.
MDT is defined as the mean residence time of a drug in the formulation. It is a useful parameter to characterize the drug release rate from a dosage form. It was calculated using the following equation: (8) where i is the sample number, n is the number of dissolution sample times, ti is the time at midpoint between ti and ti=1 (calculated with the expression (ti + ti−1)/2), ΔMi is the increase in the amount of drug released at each time interval, and M∞ is the asymptote of the dissolved amount of drug. Both amodelistic parameters were reliably calculated because the maximum percentage of drug released was 90% [19] .
Results and discussions Validation of the method
To evaluate the linearity and determine the concentration of the Gem in the SNEDDS formulation under study from Gem standard solutions six calibration curves were constructed under optimal conditions. These curves were useful to know the linearity, range, detection and quantitative limits. It was found that the fluorescence intensity (F) was proportional to that of the concentration of Gem (μg mL −1 ) in the range 5-0.2 μg mL −1 as shown in Fig. 1 . The representative linear equation was F = 1.732 + 25.78C, where C is Gem concentration (expressed as μg mL −1 ), with a determination coefficient (r 2 ) > 0.999 in all curves. No statistically significant differences were found (p > 0.05). The LOD was 0.075 μg mL −1 (confidence level of 3.3 for our system) and LOQ 0.226 μg mL −1 (confidence level of 10) ( Table 2 ). In comparison with reported results, the proposed method possesses comparable analytical parameters [20] . Linearity of this method was also determined in terms of RSD to be 98.8%. Spectrofluorometric calibration curve of gemfibrozil stock solutions. Results of the analysis of the data for the method validation parameters for determination of gemfibrozil in SNEDDS. Accuracy is reported in Table 3 as the percentage of recovery by the assay of known added amounts of Gem in the SNEDDS. The overall percent recovery of Gem was 98.46% and relative standard deviation ranging from 3.28% to 4.63%. Table 3 .
Statistical parameter
Validation data for accuracy of the proposed method for analysis of gemfibrozil in SNEDDS. The precision of this method was determined by repeatability within-day, using three different concentrations of the SNEDDS of Gem. Every concentration was analysed in six replicates. Also, intermediate precision between days was evaluated using these three different concentrations of Gem. The results obtained are presented in Table 4 , values in both cases were less than 3% (RSD) confirming satisfactory results. Table 4 .
Validation data for precision of the proposed method for analysis of gemfibrozil in SNEDDS.
Formulation Intraday assay Recovery (n = 6) RSD (%) The most attractive feature of the spectrofluorimetric method is its relative freedom from pharmaceutical additives and excipients. In this case the pharmaceutical additives and adjuvants are not fluorescent at the excitation and emission wavelengths used and did not interfere in the determination. The specificity of the fluorescence of the molecules makes difficult any interference, but not impossible. In spite of this, if it will occur, probably only will affect the background fluorescence of the solution, and as the quantification method used is standard addition the problem will be overcomed.
The determination of Gem under the various conditions was analysed by the present method. Robustness shows the reliability of an analyte with respect to deliberate variations in method parameters. Only one parameter was changed in the experiments at a time. The operational parameters challenged to prove the robustness include changes in excipients concentration (Lemon essential oil: Capmul® MCM-C8; 1:0.75), glacial acetic acid methanol solution (3%) and ambient temperature of 25 °C. In these experiments one parameter was changed while the other parameters were kept unchanged, and the recovery percentage was calculated ( Table 5 ). The small variations in any of the variables did not significantly affect the results. This gave an indication for the reliability of the proposed method during routine work. Gem stability was determined under a variety of conditions. As described above, formulations were used to show that the analyte is stable through at least two freeze-thaw cycles. The stock solutions of both were shown to be stable when stored at −50 °C. During the stability testing, no deterioration of Gem was observed.
For each stability test, treated and control samples were within ±10% of each other and precision (n = 3) was within ±15%.
Application of the method
Fifteen Gem loaded SNEDDS formulation containing 300 mg of Gem were subjected to the analysis by the proposed spectrofluorometric method and the obtained results are shown in Table 6 . The mean percentage recoveries ranged from 97.3% to 104.1% at the end of the release study. Exicipients of the formulation did not present fluorescent emission that interferes with the emission of Gem. Therefore, an extraction procedure was not necessary. Data obtained from the spectrofluorometric method enabled a more accurate study and understanding of the release profiles by fitting to theoretical kinetics models, as well as, determination of the mean residence time of a drug in the formulation or the dissolution efficiency (amodelistic parameters).
The release profiles indicated a two step process for SNEDDS. The initial step shows a burst release which can be attributed to the surface associated drug, followed by a slower sustained release phase. The phenomenon exhibits that the release of Gem is controlled by diffusion.
The kinetic model that exhibited the smaller value of AIC and higher correlation coefficient of the linear regressions (r 2 ) thus, statistically described best the drug release mechanism were the Weibull function, with a Q∞ value of 98.6 (% Gem). On the use of the Weibull function for the discernment of drug release mechanisms, estimates for ß ⩽ 0.75 indicate Fickian diffusion in either fractal or Euclidian spaces while a combined mechanism (Fickian diffusion and swelling controlled release) is associated with ß values in the range 0.75 < ß < 1. For values of ß higher than 1, the drug transport follows a complex release mechanism [21] . For Gem-SNEDDS in coated capsules ß value is 1.74. This ß value has been described as a sigmoid curve indicative of complex release mechanism, the rate of release does not change monotonically.
In fact, the release rate initially increases nonlinearly up to the inflection point and thereafter decreases asymptotically [21] .
Only for td values which were 5.29 for Gem-SNEDDS in coated capsules, td represents the time interval necessary to dissolve or release 63.2% of the drug present in the pharmaceutical dosage form, meaning that in 45 min study, 63.2% of Gem was released in 5.29 min from SNEDDS.
Equally amodelistic pharmacokinetic parameters independent of the release model such as EF and MDT were calculated with the experimental values (n = 6). It could be observed that 78.3% EF value from the coated capsules of SNEDDS. Importantly, the drug dissolution from a dosage form plays an important role in the development of new drug formulations. On the other hand, MDT was 3.1 ± 0.1 min.
Conclusion
Gem released from the SNEEDS formulations was satisfactorily determined by using the proposed spectrofluorometric method, direct spectrofluorimetry is a simple procedure to determine Gem. There was no interference from the excipients in Gem detection. The method showed optimal results in linearity, sensitivity, accuracy, precision and robustness and stability.
